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Abstract
Laser pulse-induced photodissociation of molecules in rare-gas solids is investigated by representative quantum
wavepackets or classical trajectories which are directed towards, or away from, cage exits, yielding dominant photodissocia-
tion into different neighbouring cages. The directionality is determined by a sequence of reflections inside the relief provided
by the slopes of the potential energy surface of the excited system, which in turn depend on the initial preparation of the
matrix isolated system, e.g. by laser pulses with different frequencies or by vibrational pre-excitation of the cage atoms. This
reflection principle is demonstrated for a simple, two-dimensional model of F in Ar. q 2000 Elsevier Science B.V. All2
rights reserved.
1. Introduction
The yield and product specificity of molecular
photodissociation may be determined by means of
w xseveral variants of the reflection principle 1 . For
example, in the simple case of direct photodissocia-
tion of a diatomic molecule, the initial wavepacket of
the reactant is excited vertically from the potential
 .energy surface PES V of the electronic groundg
state to the repulsive PES V of the electronic excitede
state, according to the Franck–Condon principle.
The repulsive V then acts as a ‘mirror’, e.g. differ-e
ent lobes of the initial wavepacket c are excited tog
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different domains of V with high or low potentiale
energies, from where they are reflected towards
products with high or low translational energies,
respectively. As a consequence, the shape of c isg
mapped onto the product kinetic energy distribution.
For example, a reactant which has been pre-excited
to the ˝th vibrational state has a wavefunction with
 .˝ nodes, and this is reflected into a multi- ˝ -nodal
product energy distribution. Analogous reflection
principles apply to photodissociation of vibrationally
w xpre-excited polyatomic molecules 2 . In particular,
pre-excitation of bending vibrations can be converted
w xinto specific rotational product excitations 1 .
In this Letter, we extend the reflection principle
from photodissociation of a diatomic molecule in the
gas phase to the solid assuming rigid pre-orientation
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of the matrix isolated molecule. The interactions of
the matrix-isolated molecule with its neighboring
atoms change the simple, one-dimensional repulsive
V of the isolated system into a rather complexe
multi-dimensional PES, with several minima and
barriers. As a consequence, one may anticipate more
complex dynamics of the representative wavefunc-
tions or trajectories, possibly including reflections
from several slopes of V in the solid, in comparisone
with just one reflection in the gas phase. These
multiple reflections inside the relief of the excited
state PES shall be referred to as ‘relief reflection’
throughout this Letter. This phenomenon is, indeed,
inherent in recent simulations of photodissociation of
w xmatrix-isolated molecules 3 , and also in similar
w xsimulations for molecules embedded in clusters 4–6 .
Here we address a specific aspect, i.e. the effect of
relief reflections on the directionality of the
wavepackets, or trajectories traveling on V . More-e
over, we investigate the possibility to use this effect
for laser control of the directionality. For example,
we shall consider the task of driving the wavepacket,
by means of multiple reflections, towards or away
from a specific cage exit to one of the neighboring
cages, thus controlling the relative yield of photodis-
sociation. A complimentary approach to laser control
of photodissociation versus recombination has been
w xsuggested recently in Ref. 7,5 , i.e. rotational pre-
excitation of the matrix isolated molecule so that the
lobes of the representative wavepacket point prefer-
ably towards cage exits for photodissociation, or
towards repulsive walls of the potential energy sur-
face, respectively.
In principle, one may design various scenarios for
relief reflections from the walls of potential energy
surfaces, which lead to control of the directionality
of the representative wavepackets or trajectories.
Here we center attention on the specific purpose, i.e.
directing the wavepacket, or trajectories, towards or
away from cage exits. For this purpose, we consider
as an example a two-dimensional model of F in Ar,2
the realistic basis of which shall be discussed below.
The advantage is that this simple model lends itself
to a rather easy demonstration of the control of the
directionality, in principle. Moreover, it allows com-
plementary investigations of fully quantum versus
classical simulations – this comparison may serve as
a reference for analogous classical, or mixed quan-
tum-classical applications to the system, or similar
ones, in full dimensionality, i.e. where a full quan-
tum simulation is prohibitive. The model and the
techniques are in Section 2, the results and discus-
sions in Section 3, and the conclusions in Section 4.
2. Model and techniques
The construction of our two-dimensional model of
F in Ar is illustrated in Fig. 1. We assume that2
 .initially ts0 the system is centered at its equilib-
rium position in its electronic ground state. Specifi-
cally, the F molecule is located at a mono-substitu-2
tional site of the Ar fcc lattice, with its bond oriented
 :along the 111 direction, thus pointing towards two
opposite cage exits for the photodissociated F-atoms.
Each of these cage exits consists of three Ar-atoms
forming windows in equilateral triangular configura-
tion. All the atoms are frozen in their equilibrium
positions, except for two degrees of freedom which
 .describe the F–F distance x , and the symmetric
 .stretching y of the two windows through which
Fig. 1. Molecular fluorine occupying a monosubstitutional site in
 .a face-centered cubic fcc argon crystal. The first cage exit
 .window is the equilateral triangle atoms 1,2,3 encountered at an
 :F–F distance of xf11.5a . Further along the 111 axis there is0
the second window comprising of atoms 4,5,6 at xf23.0 a and0
finally atom 7 on the axis at xf34.4 a .0
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cage exit may occur, i.e. the three atoms labeled
1,2,3 in Fig. 1 and another triangle obtained from the
first by inversion symmetry with respect to the F–F
center of mass. In quantum-mechanical representa-
tion, the corresponding initial state, which may have
˝ and ˝ quanta in the vibrations along x and y,x y
respectively, is described by the eigenfunctions
 .c x, y of the ground state Hamiltoniang;˝ ,˝x y
ˆ ˆH sTqV , 1 .g g
ˆwhere T is the kinetic energy operator for the F- and
Ar-atoms comprising our two-dimensional model,
"2 E2 "2 E2
Tˆsy y 2 .2 22m 2mEx E yx y
with reduced masses m sm r2 and m s6m .x F y Ar
For the calculation of the ground and excited state
potential energy surfaces V and V we resort to theg e
 . w xdiatomics-in-molecule DIM approximation 8
which has been frequently used in molecular dynam-
 .ics MD simulations of atomic and molecular impu-
w xrities in rare-gas solids 9–12 where the Hamilto-
nian is constructed from atom–atom pair potentials
which also depend on the orientation of the P-state
atom of the open-shell F-atom in order to model the
anisotropy of the electron densities. For details, the
w xreader is referred to forthcoming papers 13,12 .
Actually, a manifold of 36 electronic states is perti-
2 .nent to the photodissociation of F into F P q2
2 .F P , and all the corresponding PESs are modelled
by DIM. Here, for simplicity, we use a single excited
electronic state in addition to the ground state, from
w xthis manifold. Ref. 13 discusses the validity of the
two-dimensional model. By comparison with full-di-
mensional classical simulations, we find that within
the first 200–300 fs depending on the laser fre-
.  .quency the x, y degrees of freedom indeed de-
scribe the dynamics very well. At longer timescales,
however, the remaining degrees of freedom can no
longer be neglected.
In summary, the reduced dimensionality of the
model employed here, and the neglect of all excited
electronic states but one, are serious approximations.
However, at least for short timescales, the model is
sufficiently realistic to be physically useful. The
 .excitation of c x, y from V to V by a laserg;˝ ,˝ e gx y
pulse, and the subsequent time evolution of the
 .  .nuclear wavepackets c x, y,t and c x, y,t on Vg e g
and V , are described by the time-dependent Schrodi-¨e
nger equation
c t .E g
i"
Et c t .e
TˆqV ym E t . c t .g ge gs 3 .
ˆ c t .ym E t TqV . ege e
where m is the transition dipole operator, and E isge
the electric field. For simplicity, we assume the
Condon approximation, i.e. E m s0.03E is a0 ge h
constant, and the electric field is polarized parallel to
the transition dipole moment m ,ge
tp
2E t sE cosv t sin , 0( t(t 4 .  .0  /t
with carrier frequency v, amplitude E , duration t ,0
and sin2-like shape function. Both potential functions
and wavefunctions are represented on an equidistant
grid of 1024=512 points 1.9a (x(29.1a ,2.6 a0 0 0
.(y(7.2 a thus allowing an exact and efficient0
evaluation of the kinetic operator by means of two-
 .dimensional fast Fourier transforms FFT . The time
evolution is discretized in steps of 1–4"rE and theh
w xsplit operator algorithm is applied 14 .
Alternatively, we also carry out semiclassical sim-
ulations of the laser driven dynamics. The initial
w xwavefunction c is Wigner transformed 15g;˝ ,˝x y
and sampled in a Monte Carlo fashion to yield initial
values for the trajectories. The excitation process is
modeled by a surface hopping scheme in close anal-
ogy to the numerical treatment of nonadiabatic ef-
w xfects 16 assuming the probability for the excitation
<  . < 2of a single trajectory to be proportional to m E t ;ge
w xfor details see also Ref. 13 .
3. Results
Before presenting the laser-induced dynamics on
the electronically excited state, let us first consider
the respective PESs for our two-dimensional model.
 .The ground state potential V x, y has a deep mini-g
mum located at an equilibrium position of x s2.66eq
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a and y s4.14 a . As a consequence, the initial0 eq 0
 .vibrational wavefunctions c x, y are well lo-g;˝ ,˝x y
cated around this point for low values of quantum
 .numbers ˝ ,˝ . The excited state potential V x, y isx y e
shown as a contour plot in Fig. 2. It has three
potential minima labeled I,II,III, corresponding to
different interstitial cages of the fcc lattice. The first
minimum corresponds to an electronically excited F2
molecule trapped in front of the first argon windows
 .provided by the crystallografic 111 planes nearest
to the guest molecule. The second and third mini-
mum correspond to local minima for the two dissoci-
 .ated F-atoms separated by one or two pairs of 111
planes of the fcc lattice, respectively. The domains
of these potential minima are separated by barriers
indicated by vertical arrows in Fig. 2 xs11.5a ,0
.xs23.0 a . They correspond to penetration of the0
first and second window formed by the atoms la-
beled 1,2,3 and 4,5,6 in Fig. 1, respectively. The fact
that the second minimum is located at a slightly
larger value of y than the first and third minimum is
due to the repulsive forces of the F-atoms colliding
with the Ar-atoms forming the windows between the
initial monosubstitutional site and the neighboring
cage. The valley of the PES surrounding the path
from minimum I via minimum II to minimum III has
steep walls between the F-atoms at short distances or
between the Ar-atoms for large values of y, or
between the dissociated F-atoms and the Ar-atom
 :labeled 7 in Fig. 1 which is located on the 111
 .axis xs34.4 a . These walls have a rather com-0
plex topology, with several convex or concave bends,
causing relief reflections of the wavepackets repre-
senting the dynamics of the laser excited system.
In order to demonstrate the effects of relief reflec-
tions from the V potential slopes on the directional-e
ity of quantum wavepackets, let us consider, exem-
plarily, four cases of laser pulse excitations of the
model system, F in Ar, from the electronic ground2
state to the electronic excited state. The first three
 .  .  .cases i , ii , iii assume that initially the wavepacket
is prepared in the vibrational ground state, i.e. c tg
.  .s0 sc . The fourth case iv assumes vibra-g;0,0
tional pre-excitation of the Ar-atoms which form the
 .first cage exit, specifically c ts0 sc . Theg g;0,2
laser pulses have the same durations, ts100 fs, but
 .  .different carrier frequencies, i 0.24E r" 6.53 eV ,h
 .  .  . ii 0.30 E r" 8.16 eV , and iii,iv 0.26 E r" 7.07h h
.eV . The resulting time evolution of the wavepacket
 .c t moving on the excited state PES V is illus-e e
trated by representative snapshots in Figs. 2 and 4,
respectively. Each snapshot shows the probability
 . <  . < 2density r t s c t superimposed on the contoure e
plots of V . They allow the following interpretation.e
 .  .In case i , the wavepacket c t on V is createde e
by the laser pulse in the Franck–Condon domain
where
V x , y yV x , y f"v 5 .  .  .e g
 .close to the equilibrium configuration x , y . Thiseq eq
domain is labeled by ‘A’ in Fig. 2, i.e. it is the
domain of the repulsive wall of V , similar to thee
repulsive wall of V for F molecule in the gase 2
phase. As a consequence, the initial ground state
wavepacket c is transformed into a wavepacketg;0,0
 .c t which runs towards larger values of x, similare
to photodissociation of the free F . Soon after this2
initial photodissociation, however, the wavepacket
c approaches the domain of the repulsive forces ofe
the neighboring Ar-atoms which form the window
between the original and the neighboring cage. The
 .dissociating F-atoms push these Ar-atoms 1,2,3
aside, thus opening the triatomic windows of the
cage. This ‘kick’ of the F-atoms against their Ar
neighbors corresponds to a reflection of the
 .wavepacket c t from the repulsive wall of V ,e e
 .labelled ‘B’ in Fig. 2 ts80 fs . Subsequently, the
photodissociation continues, and the F-atoms escape
through the cage exit. Shortly after this event, how-
ever, the Ar-atoms which had been pushed away
during the reflection at site ‘B’ are repelled from
 .their nearest Ar neighbors ts150 fs . Correspond-
ing to another reflection of the wavepacket from the
wall of V in the domain labeled ‘C’ in Fig. 2e
 .  .ts220 fs , c t is scattered back through the firste
 .cage exit towards the original cage ts300 fs
without ever penetrating through the second window
 .4,5,6 into the next nearest cage corresponding to
the domain of minimum III in Fig. 2. On a longer
time scale, the F-atoms are likely to undergo non-
adiabatic transitions eventually leading to recombina-
tion. Indeed, semiclassical MD simulations that were
carried out recently, show recombination events on a
weakly bound excited state of F , as well as on the2
w xground state 12 . It must be kept in mind that the
validity of our model as a realistic description of F2
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 . <  . < 2Fig. 2. Excited state dynamics of the photoexcited F in Ar fcc . The contour lines indicate the density c t of the wavepacket2 e
superimposed on the equipotential lines of the electronically excited state. The system is excited by a sin2 shaped pulse of 100 fs duration
with m E s0.03E . Left panel: Various snapshots for a carrier frequency vs0.24E r" leading mainly to trapping of the wavepacket0 h h
 .  .case i . Right panel: The same for vs0.30 E r" resulting in cage exit case ii .h
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Fig. 3. Same as in Fig. 2 but the wavepacket propagation has been replaced by a quasi-classical trajectory simulation with initial values
sampled from Wigner transforms of the initial wavepackets. The basis of the arrows represent the position space density, the arrowheads
indicate the velocities.
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in Ar is in any case restricted to very short timescale
 .only t(200 fs or so .
 .  .In case ii , the excited state wavepacket c t ise
created in a slightly different, albeit neighboring
Fig. 4. Effect of vibrational pre-excitation of the Ar symmetric stretching coordinate y of the first window for a carrier frequency of3
 .  .vs0.26 E r". Left panel: Without pre-excitation case iii . Right panel: With two quanta of vibration in the y coordinate case iv .h
( )R.B. Gerber et al.rChemical Physics Letters 327 2000 76–84 83
Franck–Condon region, corresponding to the repul-
sive domain with even higher potential energy Ve
 .than in case i , due to the higher frequency of the
exciting laser pulse, 0.30 instead of 0.24E r"; seeh
 .Eq. 5 . As a consequence, the wavepacket is no
longer scattered back towards the original cage as in
 .case i but it is directed through the second window
 .atoms 4,5,6 towards the second neighboring cage at
 .site C ts220 fs . Later on, there it hits the steep
 .repulsive wall provided by atom 7 in the domain
 .labelled D in Fig. 2 ts260 fs . Here we have
reached the limit of our two-dimensional model
which does not account for motion of the the second
window or the atoms beyond it. However, one might
 .speculate that in case ii the energy of the F-atoms
dissipates into the crystal thus largely preventing
 .recombination as in case i .
Classical trajectory simulations corresponding to
the quantum mechanical wavepacket evolution are
presented in Fig. 3. Essentially, the classical simula-
tions exhibit the same features, in particular the
pattern of multiple reflections from the relief of the
 .repulsive walls of V x, y as demonstrated in thee
wavepacket propagations of Fig. 2.
At first glance, one might conclude that the effect
 .  .demonstrated in cases i and ii is exclusively a
consequence of the initial energy of the wavepacket
 .c t due to the different carrier frequency of thee
laser field, i.e. the higher the excitation energy, the
more efficient the penetration of the dissociated F-
atoms into the second nearest cage. This conclusion
 .is, however, falsified by our following examples iii
 .and iv . Here we investigate the effect of vibrational
pre-excitation of the Ar-atoms forming the windows
of the first cage exit. Fig. 4 compares the wavepacket
dynamics for a wavepacket starting from the vibra-
 .tional ground state c case iii with that of ag;0,0
wavepacket initially pre-excited to the c stateg;0,2
 .case iv . It is emphasized that the initial energy for
the two cases is practically the same since the energy
 .difference is only 0.00046E 12.5 meV . The laserh
 .  .frequency for cases iii and iv is chosen to be
vs0.26 E r" so that the total energy of the systemh
 .  .is between that of cases i and ii . In the course of
 .the excitation process, c t is created in thee
Franck–Condon domain A. The subsequent dynam-
ics of the wavepacket starting from the vibrational
ground state is depicted in the left panel of Fig. 4.
Essentially, the wavepacket dynamics follows the
 . same pattern as in case i vs0.24E r"; seeh
.Fig. 2 . The right panel of Fig. 4 shows the time
evolution of the pre-excited wavepacket. It is also
created in the domain A and reflected from the wall
 .of V into the domain B ts100 fs . Since this walle
has a concave curvature, it acts like a concave mirror
mapping the three lobes of the initial wavefunc-
tion into three broader ones which are diverging
 .ts140 fs . Only a tiny fraction of the wavepacket
has enough energy to pass through B along a straight
line which, however, is of not much importance here
but for even higher pre-excitation, it becomes a
.  .major pathway . Subsequently, the main part of c te
hits the opposite wall of V which is S-shaped, i.e.e
with alternating convex and concave curvature for
smaller and larger values of x, respectively ts200
.  .fs . Incidentally, the two outer lobes of c t whiche
correspond to wider opening of the Ar windows, are
reflected at B to the concave domain of V close toe
C so that they are scattered back interferingly via the
 .first exit of the initial cage ts260 fs . In contrast,
 .the inner lobe of c t which corresponds to ae
smaller window size is reflected from region B to the
convex domain of V close to C thus allowing thee
net forward scattering into the second neighboring
cage. Hence, the specific topology of V inducese
 .multiple scattering of c t in the regions A, B, Ce
 .which ultimately yield a complete separation of c te
– one of its three lobes is reflected towards the
second cage, the others not. In summary, the com-
 .  .parison of cases iii and iv shows that the effi-
ciency of cage exit versus trapping is not only
determined by the initial excitation energy but rather
by the specific pattern of relief reflections from the
walls of the complex potential energy surface.
4. Conclusions
The present two-dimensional model simulations
of the laser pulse induced photodissociation of F in2
Ar demonstrate an extension of previous rather sim-
ple reflection principles for photodissociation of
w xmolecules in the gas phase 1,2 towards more com-
plex, relief reflections in solids. The detail of these
multiple reflections depend on subtle details such as
concave and convex walls of the excited state poten-
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tial energy surface V , and on the initial preparatione
of the system. Ultimately, different parts of the
initial wavepacket may be directed by means of
multiple reflections towards the domains of different
cages for the dissociated atoms in the solid. The
 .directionality and not just the total energy! is the
decisive property which determines the mapping of
the initial wavefunction c on specific domainsg;˝ ,˝x y
 .for different parts of c t . This directionality maye
be controlled by the initial preparation of the system,
 .e.g. different vibrational ˝ ,˝ pre-excitation, orx y
different laser frequencies. The present results have
been derived from representative quantum
wavepackets for a simple two-dimensional model.
The quantum results could essentially be reproduced
by corresponding classical trajectory simulations.
This has encouraged us to extend the present study
to classical simulations of F in Ar in full dimen-2
sionality where quantum simulations are prohibitive.
In particular, for longer times after the end of the
laser pulse, the resulting photodissociation dynamics
starts to deviate from the two-dimensional simula-
tions. For example, trajectories which penetrate into
the second cage are not always scattered back into
the initial cage but they may be trapped due to
dissipation of their energy to degrees of freedom not
included in the simple model presented here. The
details of this extended simulation will be published
w xelsewhere 13 . Suffice it here to say that the effects
of multiple reflections discovered for the low-dimen-
sional model are also valid in full dimensionality, at
least for times up to 200 fs after the end of the laser
pulse. Finally, the model of directional control of
photodissociation in condensed phases based on re-
flection of photodissociation fragments from a poten-
tial relief is a very broad one, by no means confined
to the system presented here. Indeed, the choice of
the model here was guided in part by ongoing exper-
iments and consideration of experimental feasibility.
By theoretical consideration photolysis of HX X, a
.halide in a heavy rare-gas solid might be promising
in terms of a reduced dimensionality model. While
ultrafast experiments on the scale of H-atom dynam-
ics may not be quite available yet, it is a matter for
the near future that such systems can be studied.
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